Taste information from type III taste cells to gustatory neurons is thought to be transmitted via synapses. However, the molecular mechanisms underlying taste transduction through this pathway have not been fully elucidated. In this study, to identify molecules that participate in synaptic taste transduction, we investigated whether complexins (Cplxs), which play roles in regulating membrane fusion in synaptic vesicle exocytosis, were expressed in taste bud cells. Among four Cplx isoforms, strong expression of Cplx2 mRNA was detected in type III taste cells. To investigate the function of CPLX2 in taste transduction, we observed taste responses in CPLX2-knockout mice. When assessed with electrophysiological and behavioral assays, taste responses to some sour stimuli in CPLX2-knockout mice were significantly lower than those in wild-type mice. These results suggested that CPLX2 participated in synaptic taste transduction from type III taste cells to gustatory neurons.
Taste signaling begins with molecular events at modified epithelial-derived taste cells, which are organized into taste buds in the oral cavity (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ). Mammalian taste bud cells are mainly classified into four cell types, each of which has distinct morphological and functional characteristics. Type IV taste cells, also termed 'basal cells', are subglobular progenitor cells that are thought to differentiate into the other three cell types (Miura et al. 2006) . Types I, II, and III taste cells are mature cells that have a spindle shape and exhibit differences in the expression of taste-related molecules, membrane potential, differentiation machinery, and synapse connections with gustatory nerves (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ).
Recent studies have identified taste receptors and taste signaling-related molecules in taste bud cells; based on these studies, it has been hypothesized that different taste cells function to sense a part of five basic tastes, such as sweet, umami, bitter, sour, and salty. Sweet, umami, and bitter tastes are detected by type II taste cells, while sour taste is detected mainly by type III taste cells (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ).
Although the perception of salty taste remains a matter of debate, it is generally accepted that the epithelial sodium channel-expressing taste cells detect low concentrations of salt, whereas cells expressing bitter taste receptor T2Rs and sour taste receptor PKD2L1 detect high salt concentrations (Oka et al. 2013) .
Taste information received by taste cells is transmitted to the gustatory nerves, including the chorda tympani (CT) and glossopharyngeal (GL) nerves. Using electron microscope analysis, conventional synaptic connections can be clearly observed between gustatory nerves and type III taste cells, but not between gustatory nerves and other types of taste cells (Murray 1973) . In addition, it has been reported that type II taste cells use synapse-independent and ion channelmediated ATP release for taste signal transmission (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ). Therefore, it is believed that type III taste cells possess the ability to perform taste transduction via conventional synapse connections. In fact, some SNARE proteins, such as synaptosomal-associated protein 25 (SNAP-25), syntaxin, and synaptobrevin 2, which are involved in synaptic exocytosis, have been reported to be expressed in type III taste cells (Yang et al. 2000 (Yang et al. , 2004 (Yang et al. , 2007 Ueda et al. 2006) . However, because of the limited information available on the molecular characterization of taste bud cells, investigating the expression of synapse-related molecules in taste bud cells is important for clarifying taste transduction mechanisms via synapses.
Complexins (Cplxs), a family of synapse-related molecules, are cytosolic proteins in which 45% of the amino acid residues are charged. Cplxs bind to SNARE proteins through contact with the middle region (amino acids 48-70) (Ishizuka et al. 1995; McMahon et al. 1995; Takahashi et al. 1995) and facilitate spontaneous exocytosis (Maximov et al. 2009; Yang et al. 2010; Kaeser-Woo et al. 2012) . In mammals, four Cplx isoforms, Cplx1-4, exist Kasai et al. 2012) . Cplx1-3 is expressed in the brain . Cplx3 expression in the mouse brain is very low and does not significantly contribute to synaptic transmission (Xue et al. 2008) . Cplx1 and Cplx2 are expressed in the olfactory bulb, striatum, hippocampus, thalamus, and cerebellar cortex in mouse (Ishizuka et al. 1999; Freeman and Morton 2004) . In addition, all four isoforms are expressed in the retina, where Cplx1 and Cplx2 are found in conventional synapses of amacrine cells, and Cplx3 and Cplx4 are predominantly expressed in ribbon synapses of photoreceptors and bipolar cells . However, it remains unknown whether Cplx is involved in synaptic taste transduction.
In this study, to identify candidate molecules that participate in synaptic taste transduction, we investigated the expression of Cplxs in taste bud cells and used an in vivo CPLX2-knockout (KO) mouse model to investigate the function of CPLX2 in taste transduction. Our study provided important insights into the involvement of CPLX2 in the synaptic taste transduction from type III taste cells to gustatory nerves.
Materials and methods

Materials
Citric acid, HCl, tartaric acid, NaCl, and sucrose were purchased from Kanto Chemical (Tokyo, Japan). Denatonium benzoate, monosodium glutamate (MSG), and inosine 5 0 -monophosphate (IMP) were from Sigma (St. Louis, MO, USA). All other reagents were of analytical grade and were from standard suppliers.
Animals
All experiments were performed following the protocols approved by the animal care committee of the University of Tokyo. CPLX2-KO mice (Takahashi et al. 1999) , which were from the C57/B6 background, were supplied by the Center for Animal Resources and Development, Kumamoto University. Although CPLX2-KO mice are viable and fertile, abnormalities in the plasticity of neural circuits have been reported (Takahashi et al. 1999; Huang et al. 2000; Reim et al. 2001; Gibson et al. 2005; Radyushkin et al.2010 (NM_145493, probe region: 9-1593). The probes for taste marker molecules in In situ hybridization (ISH) were described previously (Ohmoto et al. 2008; Matsumoto et al. 2011) . DNA fragments were cloned into the pBluescript SK vector (Stratagene, La Jolla, CA, USA) and sequenced using a 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
In situ hybridization
The CvP, fungiform papillae (FuP), and soft palate were removed from the tongues of C57BL/6J and CPLX2-KO mice (male, > 7 weeks old) after cervical dislocation, and the tissues were embedded in OCT compound (Sakura Finetek, Tokyo, Japan). The embedded samples were snap-frozen in liquid nitrogen and stored at À80°C until later use. ISH was performed as described previously (Ohmoto et al. 2008; Matsumoto et al. 2011) . Briefly, digoxigeninand fluorescein-conjugated antisense RNAs were synthesized using a DIG RNA Labeling Mix (Roche Diagnostics, Indianapolis, IN, USA) and Fluorescein RNA Labeling Mix (Roche Diagnostics), respectively. The synthesized RNAs were used for hybridization after fragmentation to approximately 500 bases under alkaline conditions. For single labeling, signals were developed using alkaline phosphatase-conjugated anti-digoxigenin antibodies (Roche Diagnostics) and 4-nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate as chromogenic substrates. Stained sections were observed under an Olympus BX-51 microscope (Olympus, Tokyo, Japan). For fluorescence double labeling, horseradish peroxidase-conjugated anti-fluorescein antibodies (Roche Diagnostics) and alkaline phosphatase-conjugated anti-digoxigenin antibodies (Roche Diagnostics) were used in combination with the TSA biotin system (Perkin Elmer, Norwalk, CT, USA), Alexa488-conjugated streptavidin (Molecular Probes, Eugene, OR, USA), and an HNPP Fluorescent Detection Set (Roche Diagnostics). Fluorescent images were observed under an FV1000 confocal laserscanning microscope (Olympus).
Gustatory nerve recording
Whole gustatory nerve responses from CT and GL nerves were obtained as described previously (Matsumoto et al. 2011) . The gustatory nerve response was measured in WT (n = 5) and CPLX2-KO (n = 5-7) mice. As sour stimuli, 1-30 mM citric acid, 1-30 mM HCl, and 1-30 mM tartaric acid were used. As salty, sweet, bitter, and umami taste stimuli, 30-300 mM NaCl, 300 or 500 mM sucrose, 3 or 10 mM denatonium benzoate, and 100 mM MSG +0.5 mM IMP were used, respectively. The relative response magnitude for each tastant was calculated by comparing with that of 100 mM ammonium chloride (NH 4 Cl) as a control.
Behavioral assay
Behavior was assessed using the 48-h two-bottle preference test as described previously (Matsumoto et al. 2011) . WT (n = 5-8) and CPLX2-KO (n = 5-11) mice were used for the preference test. As sour stimuli, 0.3-30 mM citric acid, 0.3-30 mM HCl, and 0.3-30 mM tartaric acid were used. As the basic taste stimuli, 3-1000 mM NaCl, 3-30 mM sucrose, 0.03-1 mM denatonium benzoate, and 1-300 mM MSG + 0.5 mM IMP were used.
Statistical analysis
Data were expressed as the mean AE SEM. For all analyses, differences with p values of less than 0.05 were considered significant using Student's t-test.
Results
Expression of Cplxs in taste buds of the CvP
To explore the possibility that Cplxs participate in the signaling pathway at taste bud cells, we first investigated the mRNA expression of Cplxs in taste bud cells. There are four Cplx isoforms, Cplx-4 Kasai et al. 2012) .
Using RT-PCR analysis, we showed that Cplx2 was detected in the CvP sample, while all Cplx isoforms were expressed in the retina (Fig. 1a) . ISH analysis also indicated that an intense signal for Cplx2, but not for Cplx1, -3, or -4, was detected in the CvP, fungiform papillae, and soft palate (Fig. 1b) .
To determine which cell types expressed Cplx2, we performed double labeled ISH with taste cell marker molecules (Fig. 1c) . In the CvP of WT mice, the Cplx2 signal overlapped with that of the type III marker Pkd1l3, although it did not overlap with the signal for the type I marker Entpd2 or the type II marker Trpm5. Ninety-five percent of Cplx2-positive cells exhibited Pkd1l3 signal (37 of 39 cells in total 293 taste bud cells). On the other hand, 77% of Pkd1l3 positive cells exhibited Cplx2 signal (37 of 48 cells in total 293 taste bud cells). These findings indicated that Cplx2 was the only Cplx expressed in taste bud cells and that Cplx2 was specifically expressed in type III taste cells.
Expression of taste marker molecules in the taste bud cells of CPLX2-KO mice The role of CPLX2 in the reception and transmission of taste information was investigated using CPLX2-KO mice. First, we examined the expression of Cplx2 and other Cplx family molecules. ISH and RT-PCR showed that Cplx2 mRNA was not detected in the CvP in CPLX2-KO mice ( Fig. 1d and e) . Then, we assessed the mRNA expression of taste marker molecules in CPLX2-KO mice (Fig. 1f) . Signals for the marker for Entpd2, Trpm5, Pkd1l3, and Kcnq1 which is all taste cell marker were clearly observed in both WT and CPLX2-KO mice. Thus, although representative taste marker molecules were expressed in the taste bud cells of CPLX2-KO mice, Cplxs were not.
Assessment of the taste response of CPLX2-KO mice by electrophysiological and behavioral assays Since representative taste marker molecules were observed in the taste bud cells of CPLX2-KO mice, we evaluated the taste responses of CPLX2-KO mice using electrophysiological and behavioral assays. We measured the gustatory nerve responses to the five basic tastes. In CPLX2-KO mice, CT responses to 3 and 10 mM citric and 1, 3, and 30 mM tartaric acid were significantly reduced (Fig. 2a-c) . Although the CT responses to HCl in KO mice were not significantly reduced, they were smaller than those in the WT mice. A significant reduction in GL responses to 1 mM citric acid, 3 and 30 mM HCl, and 10 mM tartaric acid was observed (Fig. 3a-c) . However, there was no significant difference between WT and CPLX2-KO mice in the CT and GL responses to sucrose, MSG+IMP, and denatonium (Figs 2e and 3e). Therefore, CPLX2 deficiency significantly reduced the gustatory nerve responses to sour stimuli, although the effect was modest.
Furthermore, to investigate the effects of CPLX2 KO on behavioral characteristics, we examined the changes in palatability of basic tastes using a 48-h two-bottle preference test. Although the preference for citric acid did not significantly differ between the WT and KO mice, CPLX2-KO mice exhibited a slight reduced avoidance of 3 and 10 mM HCl and 10 mM tartaric acid that was significant (Fig. 4a-c) .
However, there was no significant difference between WT and CPLX2-KO mice in the palatability of sweet, umami, and bitter stimuli under our experimental conditions (Fig. 4d-g ). Therefore, we concluded that CPLX2 deficiency mainly affected sour taste palatability, although the effect was modest.
Recently, type III taste cells have been reported to participate in recognition of high concentrations of salt (Oka et al. 2013) . Because neural responses and avoidance to sour tastes, which are received by type III taste cells, were decreased in CPLX2-KO mice, we also investigated taste responses to NaCl stimuli. However, significant differences in neural responses (Figs 2d and 3d ) and behavioral responses (Fig. 4d) to high concentrations of NaCl between WT and CPLX2-KO mice were not detectable under our experimental conditions.
Discussion
Despite previous efforts to study signal transduction mechanisms in peripheral taste organs, the details of these mechanisms have not yet been fully elucidated. However, the characteristics of each taste cell type have been identified as related to a specific expression pattern of taste-related molecules (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ). Type III taste cells express some synapserelated molecules as well as polycystic kidney disease (PKD) 2L1/PKD1L3 (Yang et al. 2000 (Yang et al. , 2004 (Yang et al. , 2007 Ueda et al. 2006) . In addition, type III taste cells form characteristic conventional synapses with gustatory nerves, whereas other taste cells do not. The identification of synapse-related molecules is useful for investigating the mechanisms underlying taste transduction from type III taste cells. Type II taste cells lack conventional synaptic structures. However, it was recently reported that information from type II taste cells is transmitted to gustatory neural circuits by non-vesicular ATP release through the calcium homeostasis modulator 1 ion channel (Taruno et al. 2013) . On the other hand, molecular mechanisms transmitting the taste information from type III taste cells have not been fully elucidated; this will be important for uncovering the mechanisms of taste signal transduction to the central nervous system.
In this study, we focused on the synapse-related molecules, Cplxs, and found that only Cplx2 mRNA was expressed specifically in type III taste cells (Fig. 1) , suggesting the participation of CPLX2 in taste transduction via type III taste cells. When phenotyping analyses of taste reception were carried out using CPLX2-KO mice, the neural response to sour stimuli was significantly lower in CPLX2-KO mice than in WT mice, although the nerve responses to sweet, bitter, umami, and salty stimuli were not changed between WT and KO mice (Figs 2 and 3) . These results were consistent with the reduced avoidance to sour tastes and the observation that there were no significant differences in the preference for sweet, bitter, umami, and salty stimuli observed in mice lacking CPLX2 (Fig. 4) . Because CPLX2 generally regulates synaptic exocytosis (Maximov et al. 2009; Yang et al. 2010 ; Kaeser-Woo et al. 2012), these results suggest that CPLX2 actually participates in the synaptic transduction from type III cells to gustatory neurons. Multiple neurotransmitters have been reported to participate in synaptic events in peripheral taste organs (Chandrashekar et al. , 2010 Yarmolinsky et al. 2009 ). Type III taste cells release serotonin in an activity-dependent manner (Huang et al. 2005 ). It will be necessary to investigate whether the lack of CPLX2 influences the release of neurotransmitter from taste cells. Abnormal transduction of sour stimuli has been reported in genetically modified mice, including PKD2L1-diphtheria toxin (DTA) mice (Huang et al. 2006) , PKD2L1-TeNT mice (Chandrashekar et al. 2009 ), which express tetanus toxin (TeNT) in PKD2L1-expressing cells, and PKD2L1/PKD1L3 double-KO mice (Horio et al. 2011) . PKD2L1-DTA mice, whose type III taste cells were genetically ablated by targeted expression of DTA, completely lack the gustatory nerve responses to sour stimuli (Huang et al. 2006; Chandrashekar et al. 2009 ). PKD2L1-TeNT mice, in which TeNT is expressed in type III taste cells, also lack the gustatory nerve responses to sour stimuli (Chandrashekar et al. 2010) . Although the CT nerve responses to sour stimuli are reduced in PKD2L1/PKD1L3 double-KO mice, much of the response remains (Horio et al. 2011) . Changes in the gustatory nerve responses to sour tastes in genetically modified mice have been reported as described above; however, changes in behavioral responses to sour tastes have not been reported. It should be noted that only a portion of the sour responses were decreased in our experimental conditions (Fig. 2 to 4) . Both CPLX1 and CPLX2 are expressed in the central nervous system . Since Cplx1 mRNA was not detected by RT-PCR or ISH in taste bud cells in the CvP ( Fig. 1) , it is unlikely that CPLX1 compensates for the loss of CPLX2. On the other hand, Cplxs are thought to facilitate spontaneous exocytosis (Maximov et al. 2009; Yang et al. 2010; Kaeser-Woo et al. 2012) . Therefore, taste information from type III taste cells may be able to be transduced to peripheral gustatory nerves, even in the absence of CPLX2. However, reports have shown that CPLX2 KO does not result in a complete inhibition of the physiological functions of CPLX2. For example, the excitatory post-synaptic currents in cortical and olfactory bulb neurons still remain in mice lacking both Cplx1 and Cplx2 (Yang et al. 2013) . Moreover, other sour sensors, such as TRPV1, may produce the remaining sour responses in CPLX2-KO mice. TRPV1, a member of the transient receptor potential (TRP) family, is activated by capsaicin, temperature, and sourness (Caterina et al. 1997) . A subset of neurons in the petrosal ganglion, which contains cell bodies of GL nerves, express Trpv1 (Ohmoto et al. 2008; Matsumoto et al. 2011) , indicating that GL nerves can be activated by sour substances. Therefore, sour information could be transferred to the peripheral gustatory and somatosensory systems, even when CPLX2 is absent from type III taste cells. In addition, Cplx2 is expressed in the pons, medulla, and cerebral cortex (Ishizuka et al. 1999) . Centers for taste perception such as the nucleus of the solitary tract and the gustatory cortex exist in these regions (Carleton et al. 2010) . However, no differences in the perception of basic tastes other than the sour taste were observed in this study (Figs 2-4) , suggesting that the difference in sour taste perception was caused by Cplx2 deficiency in the peripheral taste tissue.
In conclusion, in this study, we identified the expression of Cplx2 in type III taste cells and showed the involvement of CPLX2 in the transduction of taste information from type III taste cells to the gustatory neurons. These data provide important insights into the role of CPLX2 in taste sensation.
